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ARTICLE INFO ABSTRACT

Handling Editor: Klaus Kiimmerer Optimization based on mathematical models has received growing attention in materials science.
The first part of the work aims to optimize the photocatalytic activity of CaTiO3 for rhodamine B
(RhB) degradation under UV-A irradiation, based on two developed mathematical models. Thirty
hydrothermal syntheses of CaTiO3; were carried out according to the Box-Behnken design, consid-
Polynomial regression ering synthesis temperature (X;), duration (X,), and concentration of shaping agent (X3) as input
Artificial neural network models variables for two different Ca2* sources: Ca(NOs), and CaCl, (X,). The conversion of the studied
Kinetic modeling pollutant after 4 h was situated in the range of 20-80%. Second-order regression and feedforward
Optimization backpropagation artificial neural network models were developed, considering the synthesis con-
ditions (X, X, X3, X4) as input and the conversion as output variables. The proposed model-based
methodology for the optimization of CaTiO5; photocatalytic efficiency finally directed to the ex-
perimentally attained value of 96% for 200 °C (X3, op), 23.17 h (X5, opy); 0.67 M (X3, op0), CaCl,
(X4, opy)- Furthermore, in the second part of the study, the morphological, structural, textural, and
optical properties of selected CaTiO; samples were investigated via scanning electron mi-
croscopy, X-ray diffractometry, N, sorption, and diffuse reflectance spectroscopy. Finally, the ki-
netic parameters for adsorption (Kuqs: 0.10-0.67 m*h~1), desorption (kges: 79-150 mmol'm~2h-1),
degradation (Kgeg,: 0.001-0.010 mmol'm~21-®:W-=h-1), and intensity exponent (a: 0.54-0.55)
were fitted using an optimization procedure, considering the experimentally determined and
model-predicted apparent reaction rate constants. The obtained kinetic parameters were corre-
lated with the specific surface area of the catalysts and the conversion of RhB.
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Abbreviations:

0A sampling moment immediately before switching on the lamps
ANOVA analysis of variance
BBD Box-Behnken design

CE1l central point experiment within R1 (X;:190 °C, X,: 24 h, X3: 1.005 M, X,: Ca(NOs),)
CE2 central point experiment within R2 (X;:190 °C, X,: 24 h, X5: 1.005 M, X,: CaCl,)
DF degree of freedom

DoE design of experiment methodology

DRS diffuse reflectance spectroscopy

FB-ANNs feedforward backpropagation artificial neural network models

Kads rate constants for adsorption [m-h—1]

Kgegr absolute kinetic rate constant [mmol-m—2(1-®-W-ah-1]

Kges rate constants for desorption [mmol'm-2h-1]

Kobs pseudo-first order reaction rate constant [h1]

MS mean of squares

MSE mean of squares for error

MSR mean of squares for regression

P product(s)

PSSA pseudo-steady state assumption

R reactant(s)

R1 first set of experiments (when Ca(NOs), is used as Ca2* precursor)

R2 second set of experiments (when CaCl, is used as Ca2* precursor)

R? determination coefficient

RZq; adjusted determination coefficient

R, ed predicted determination coefficient
RhB rhodamine B

SEM scanning electron microscopy

SS sum of squares

SSA specific surface area

SSE sum of squares calculated for error

SSR sum of squares calculated for regression
X conversion

X1, Xy, X3 input variables (i.e., X; — synthesis temperature, X, — synthesis duration, X3 — concentration of shaping agent, X, —
type of Ca2* precursor)

X1, opt> X2, opts X3, opt» X4, opt OPtimal synthesis parameters

XRD X-ray diffraction

e model-predicted response (calibrated)

Y;
Y; experimentally determined response

1. Introduction

The development of highly efficient photocatalysts can be considered a promising alternative for solving the environmental con-
cern related to the improper or low treatment effectiveness of wastewaters. Recently, alkaline earth metal titanates (i.e., CaTiOs,
SrTiO3, BaTiO3) have attracted considerable interest in the field of photocatalysis (Solis et al., 2021). Due to their promising band
structure (Solis et al., 2021) they can be used to degrade dyes (Bai et al., 2018; da Silva et al., 2016; Kappadan et al., 2016), to pro-
duce hydrogen (Chen et al., 2018; Wang, R. et al., 2018; Yu et al., 2017), to reduce Cro* in water (especially with SrTiO5 (Xing et al.,
2016)), and to transform CO, into valuable products via photoreduction (Luo et al., 2018; Soltani et al., 2021).

Numerous papers have already been published concerning the relationship between synthesis method (conditions or input factors)
and structure, or between the morphology of photocatalysts and the resulting photocatalytic efficiency (e.g., TiO, (Cui et al., 2012;
Naik et al., 2020), CaTiO5 (Han et al., 2016; Kimijima et al., 2014)). However, there is a considerable demand to make such predic-
tions even before carrying out the synthesis and without having extended morphological or structural information using only photo-
catalytic results. Such predictions can be made using different mathematical models (either mechanistic or empirical models), thus
saving raw materials, time, financial resources and research effort (Edwards and Hamson, 2020). Although the experimental data-
driven modeling (also called empirical) approach is based on the observed responses (and not directly based on the description of un-
derlying phenomena or mechanisms) (Perez-Rodriguez and Valero, 2013), its implementation has received considerable interest in
the field of materials science mainly due to its capability to embed the complex behavior not yet able to be captured by first principle
models. Regardless of the type of the modeling approach, the importance of experimental data is obvious (Mehrizad and Gharbani,
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2014). It is worthy to note that data can be obtained either from systematically or non-specifically designed experimentation ap-
proaches (Dobre and Marcano, 2007; Mehrizad and Gharbani, 2016; Mosavi et al., 2021; Sematech, 2006).

This work focuses upon the investigation of CaTiO3, a well-known representative of the class of perovskites and alkaline earth
metal titanates. It possesses several promising features, such as ferroelectricity (Biegalski et al., 2015), dielectricity (Maddu et al.,
2017), chemical stability (Kumar et al., 2020; Lee et al., 2021), and biocompatibility (Zhu et al., 2016). Several synthesis routes have
been reported in the literature, such as solid-state (Shimura and Yoshida, 2010; Yang et al., 2014), sol-gel (Huo et al., 2014), co-
precipitation (Huang et al., 2016), microwave assisted (de Céssia Pereira et al., 2017), electrospinning (Zhang et al., 2015), hydro-
and solvothermal method (Dong et al., 2015; Han et al., 2016; Yang et al., 2010). Among them, hydro- and solvothermal syntheses are
probably the most promising routes because they enable the control of crystal growth and morphology, and they can be carried out
under relatively mild reaction conditions (Passi and Pal, 2021). Due to its advantageous band structure, CaTiO3 has been reported as a
promising candidate not only for water splitting (Jang et al., 2011), but also for the photodegradation of certain pollutants (e.g.,
methylene blue (Zhao et al., 2013a), methyl orange (Huo et al., 2014). In this study, the photodegradation of a well-known xanthene-
type dye, specifically of rhodamine B (RhB) was investigated via the support of different modeling approaches. The results of the
study address to a wide range of applications, since there are a lot of xanthene-type pharmaceuticals (e.g., vadimezan, lucanthone,
mepixanox) whose degradation pathways are similar to that of RhB, and whose removal from wastewater is imperative. Furthermore,
the number of studies where empirical and phenomenological modeling approaches were used to interpret photocatalytic efficiency
is relatively reduced, and the present study may be considered to bring contributions to this status quo.

Although black box (data-driven) models are very promising, they do not provide a phenomenological overview concerning pho-
todegradation processes in terms of kinetics and mass transfer. From the phenomenological point of view, the photodegradation of a
certain pollutant can be described by the following elementary steps: (1) mass transfer of reactants (R) from the liquid phase to the
surface of a catalyst; (2) adsorption of R onto the surface of an excited (photoactivated) catalyst; (3) transformation of the adsorbed
reactants into products (P); (4) desorption of the P from the surface; (5) mass transfer of the P from the interface region to the liquid
phase (Fogler, 2010; Hossain, 2018). Furthermore, some of these elementary steps are determined by the crystallinity, crystal phase
and specific surface area of the catalyst, the presence/absence of dopants or by the fluid dynamics (Joo et al., 2012). To sum up, this
phenomenological description implies the knowledge of certain constants and coefficients which are characteristic of surface
processes.

The first part of this work offers an overview of the relationship between selected hydrothermal synthesis parameters and the pho-
tocatalytic efficiency of the final material for RhB degradation via different modeling approaches. The second part provides an insight
into the phenomenological interpretation of the photocatalytic efficiency.

The proposed integrated approach of the photocatalyst synthesis, development of the data-driven modeling methodology in asso-
ciation with phenomenological interpretations and optimization of the synthesis condition for obtaining the highest photodegrada-
tion efficiency may be considered as the main and novel contributions of this work.

2. Material and methods

2.1. Chemicals

The chemicals used for the hydrothermal synthesis of CaTiO; were as follows: Ca(NO3),-4H,0 (Lach-Ner, >99%), CaCl, (Chempur,
analytically pure), NaOH (Chempur, analytically pure), Ti(C4Hq0), (Sigma-Aldrich, 97%), C,H¢O (Merck Millipore, analytically
pure). The degradation of RhB dye (CygH3;CIN,03) (ReAnal, analytically pure) in aqueous solution was studied in this work.

2.2. Synthesis of CaTiOs

First, a stoichiometric amount of Ca2* precursor (X,) was dissolved in water, which was followed by the dropwise addition of
3.4 mL of tetrabutyl titanate (initial Ca2*: Ti*+ molar ratio = 1:1) under continuous stirring. Then, a certain amount of NaOH (0.8 g,
1.2 gor 1.6 g) was added to the reaction mixture, thus adjusting the concentration of NaOH to 0.670, 1.005 or 1.340 M (X3) in the ini-
tial reaction mixture. The hydrothermal crystallizations were carried out under specified conditions (X;: 180, 190 or 200 °C, X,: 20,
24 or 28 h) according to the chosen experimental design. This was followed by washing (once with ethanol and three times with wa-
ter) and drying at 80 °C for 12 h.

2.3. Assessment of photocatalytic efficiency

The photocatalytic efficiency was assessed in a cylindrical slurry photoreactor for RhB degradation (Cy = 10 pM). The photoreac-
tor was irradiated externally by six symmetrically placed fluorescent UV lamps (6 X 6 W, A, = 365 nm). During the photocatalytic
tests (4 h), a constant suspension temperature (25 °C) was assured by circulating cooling water in the jacket. Continuous air flow
(~50 L'h~1) and stirring (500 rpm) were assured to facilitate the mass transfer (Cyyspension = 1 g'L™1). Samples were taken at predeter-
mined intervals (0, 0A, 30, 60, 120, 180, 240 min), followed by their centrifugation, filtration (0.22 pm TPFE) and analysis via an An-
alytic Jena Specord 250 Plus UV-vis spectrophotometer (Tabatabaei et al., 2011) (considering the absorbance at 552 nm). The photo-
catalytic activity was assessed via the conversion of RhB after 4 h. Each photodegradation test was repeated at least twice.

2.4. Experimental design

The Box-Behnken experimental design (BBD) was specifically applied for two approaches, according to the type of Ca2+ precursor,
i.e., either Ca(NO3), or CaCl, (X,), and for three continuous factors (X;, X,, X3) with three levels (low: —1, center: 0, high: +1). As pre-
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sented in Table 1, the synthesis temperature (X;), the duration (X,) and the concentration of the shaping agent (X3) were assigned as
continuous factors, and the type of precursor (X,) as categorical factor.
2.5. Regression analysis

A second-order model was chosen to describe the relationship between the independent variables and the conversion, as depicted
in Equation (1). The individual and the interaction effects between the variables were evaluated by employing analysis of variance
(ANOVA) using Minitab v18 (Peng et al., 2020).

3 3 3 3
Y=o+ B Xk Y B Xp+ D N By XX @
i=1 i=1

i=1 j=itl

Although several statistical metrics are involved within ANOVA, the most important of them are described via Equations (2)—(5):

SSR = Zn‘f (?i - Y)2 (®)
SSE = Zn:‘ (Yi - ?i)z 3)
MS = % 4

= s ®)

Significance of the terms in Equations (2)-(5): DF — degree of freedom, F — F-value, MS — mean of squares (MSE — mean of squares for
error, MSR — mean of squares for regression), SS — sum of squares (SSE — sum of squares for error, SSR — sum of squares for regression),
¥, - model-predicted response (fitted), Y; — experimentally determined response, Y- average value of the experimentally determined
responses.

Further statistical parameters were used for the assessment of the implemented models, namely the determination coefficient (R2,
Equation (6)) adjusted R? (R2,g;, Equation (7)), predicted R2 (i.e., R?q) (Dillon and Goldstein, 1984; Yin and Fan, 2001):

5 (v5)

RI=1_— (6)
(Yi-¥)
i=1
B (1-R?)-(m=1)
Riy=1- [T )

Significance of terms in Equation (7): k — number of independent variables, n — sample size.
The computation of R24 involves the systematic removal of each observation from the data set, followed by the prediction of re-
moved observations based on the estimated regression equation (Dillon and Goldstein, 1984; Yin and Fan, 2001).

2.6. Artificial neural network models

Feedforward backpropagation artificial neural network models (FB-ANNs) were implemented in Matlab software environment
(Matlab 2015b) to predict the photocatalytic efficiency for given inputs. The experimental data were randomly split into training, val-
idation, and testing data sets (70%, 15%, 15%). The FB-ANN was trained for one hidden layer with a maximum number of three hid-
den neurons. The selection of activation function (in the hidden layer), training function and the number of hidden neurons was per-
formed considering a combination of systematically and trial-and-error conducted training procedure. The assessment of FB-ANN per-
formance was carried out based on the Pearson correlation coefficients and the relative errors.

Table 1
Experimental range and levels of independent variables.
No. Continuous factor Low level (-1) Center level (0) High level (+1)
1. X, CO) 180 190 200
X5 (h) 20 24 28
X3 (M) 0.670 1.005 1.340
Categorical factor 0 1
4. Xy Ca(NO3), CaCl,
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2.7. Assessment of morpho-structural, textural and optical peculiarities

The crystallinity and crystal phase of the samples were determined from the X-ray diffraction (XRD) patterns recorded with a Shi-
madzu 6000 diffractometer (Shimadzu Corporation, Kyoto, Japan), equipped with a Cu-Ka source (A = 1.54 A).

Considering the shape factor (K = 0.9, spherical crystallites), the X-ray wavelength (A) and certain information provided by the
recorded XRD patterns (i.e., 6 — peak position,  — full width at half maximum), the average crystallite size (t) was calculated via the
Scherrer equation, as depicted in Equation (8) (Monshi et al., 2012):

K-\
p-cos O ®)

T=

The morphological particularities of the samples were revealed based on the micrographs recorded with a FEI Quanta 3D FEG scan-
ning electron microscope (SEM) (accelerating voltage 25 kV). Furthermore, the textural properties of the samples were analyzed via
nitrogen adsorption considering the BET multipoint method (p/pg: 0.05-0.3). Nitrogen adsorption data were collected at 77 K on a
NOVAtouch (Quantachrome Instruments) surface area and pore size analyzer after samples were pretreated by heating to 200 °C un-
der vacuum for 10 h. The diffuse reflectance spectra (DRS) of the perovskites investigated in the UV-visible (250-800 nm) region
were recorded with a JASCO-V650 spectrophotometer equipped with an ILV-724 integration sphere. Considering the UV-vis diffuse
reflectance spectra of the samples, the band gap values were determined via the Kublelka-Munk function (F(R), as presented in Equa-
tion (9)):

2
1-R
FR) = Q _k (©))
2:R, S
The significance of the terms in Equation (9) is the following: k — absorption coefficient [m~1], R, — diffuse reflectance of the layer of
infinite thickness [dimensionless], s — scattering coefficient [m~1].

2.8. Kinetic modeling

The first step within the kinetic modeling assumed the determination of pseudo-first order reaction rate constants (kops, Equation
(11)) considering the Langmuir Hinshelwood kinetic model (Equation (10)) (Kedves et al., 2019; Mehrizad and Gharbani, 2017).

_E _ kcat' K, C

ST T Ik C

(10)

When K,C ~ 0 (which is satisfied when the order of C, is lower than 10-3 M (Deshpande and Madras, 2010), as in our case
Co = 10> M), the following approximation can be applied:

1=Ky Ky C=Kgpe- C 11)

The significance of terms from Equations (10) and (11): C — concentration [mol-L~1], K, — adsorption equilibrium constant [dimen-
sionless], k., — reaction rate constant [s~1], r — reaction rate [mol-L-1s~1].

Furthermore, a validated two-dimensional mathematical model of a slurry photoreactor provided by Palmisano and coworkers
(Palmisano et al., 2015) was used to determine the rate constants for substrate adsorption (k,gs), desorption (kges), degradation (Kgegr)
and intensity exponent (o) via optimization (least-square method). The optimization was performed in Matlab 2015b, which is de-
scribed in detail in Section 3.3.

According to the pseudo-steady assumption (PSSA), the apparent adsorption constant (Kugs, apparent) is described as a function of
light radiation flux intensity (I), exponent parameter («) and a set of kinetic constants (Kags, Kges> Kdegr):

K'd" . = L (12)
-ads,apparent kdeb + kdegr' I
The implemented model has the following form (Palmisano et al., 2015):
11max(©) 6

1 A kads 1

kobs =3y / / kdegr' I* . X . (r] + 1) dedl (13)
SV 54 Kges + Kegr 1% 1 4 kdc(+§i:gr~l“_. Csubo

1 max 0) = 2- \/(ro + R)z-coszel —-r2-21R 14

The significance of the terms in Equations (13) and (14) is the following (Palmisano et al., 2015): A — surface area of the catalyst (i.e.,
specific surface area multiplied by mass) [m?], Csub,o — initial concentration of the substrate [mmol'm~3], I — light radiation flux
[W-m~2], 1 - light path length, light propagation coordinate [m], 1;,,, — the longest possible light pathway [m], r - cylindrical radial
coordinate [m], r; — distance between the "1" light source and photoreactor wall [m], S — cross sectional area of the reactor [m?], V —
volume of the reaction mixture [m3], 0 — cylindrical radial coordinate [rad]; 0, — maximum value of 8 (-0, < 0 < ;) [rad]. The details
regarding the terms presented in Equation (13) can be found in the publication of Palmisano et al. (2015).

5
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3. Results and discussion

3.1. Effect of synthesis conditions on photocatalytic efficiency

To establish a relationship between the synthesis conditions (T - X;, t — X,, C — X3) and the photocatalytic efficiency (expressed via
conversion X), the first 30 sets of synthesis were carried out according to the BBD and the results are presented in Table 2. They were
followed by photocatalytic tests (as described in Section 2.3.).

The impact of synthesis conditions on the photocatalytic efficiency is shown in Table 2. The most efficient photocatalyst
(X = 79.4%) within the designed experiments was synthesized using CaCl, as a Ca2+ source (denoted R2) and 0.67 M NaOH (C),
which were subjected to hydrothermal treatment for 24 h (t) at 200 °C (T) (i.e., Exp1-R2, Table 2). The least efficient photocatalyst
was synthesized using Ca(NO3), as a Ca?* source (denoted R1) and 1.34 M NaOH (C), with treatment at 180 °C (T) for 24 h (t) (i.e.,
Exp13-R1, Table 2). The latter case showed the degradation of only 20.4% of the pollutant after 4 h under the presented experimental
conditions.

Two data-driven models, that is, polynomial regression (3.1.1.) and FB-ANNs (3.1.2.), were implemented to establish correlations
between the hydrothermal synthesis conditions of CaTiO3; and their photocatalytic efficiency.

3.1.1. Polynomial model fitting and ANOVA

Considering the categorical input variable (X4, that is, the type of Ca2+ precursor), two separate polynomial models were imple-
mented for describing the influence of continuous factors on conversion (Yq, Y, = f(X;, X5, X3), R1 Ca(NOj3),, R2 CaCl,). As a first ap-
proach, full quadratic second-order models were fitted by involving all the linear (X;, X,, X3), square (X;2, X2, X32) and interaction
(X1X5, X1X3, X9X3) terms. All predicted coefficients were estimated via the least-squares method. The pre-exposed significance ()
level was chosen to be 0.05. Because the p-value associated to certain terms from the full quadratic models were found to be statisti-
cally not significant (p > 0.05), these models were refitted without those terms, as it was depicted in Equations (15) and (16). These
terms were X; for R1 and X;'X,, X;X3, XyX3 for R2.

Yry =881.3-2627-X, —972- X3 — 1.58 - 1072 - X;2 + 0.15 - X»% + 92.64 - X3% + 8.94 - 1072

(15)
<X - X +3.58-X; - X3 4+2.60-X; - X3

Yg, = 1243 = 15.55- X +32.64- X, — 264.9- X5 + 4.22- 1072 X, % = 0.69- X, + 110.66- X5 (16)

The comparison between the experimentally determined and model-predicted conversion values is presented in Fig. 1.

Furthermore, the analysis of variance (ANOVA) was performed considering the well-known statistical metrics, such as the degrees
of freedom (DF), sum of squares (SS), mean of squares (MS), F-value and p-values, as presented in Tables 3 and 4. According to
ANOVA results there are two main sources of variation, namely due to regression and due to error. The quantification of this variation
can be carried out via sum of squares for regression (SSR), sum of squares for error (SSE), mean square for regression (MSR) and mean
square for error (MSE). While SSR provided information about the squared difference between the model-predicted and mean value
of the outputs (Equation (2)), SSE offered an overview on the squared difference between the model-predicted and experimental val-
ues of the output (Equation (3)). As revealed by the results presented in Tables 3 and 4, relatively close values can be observed for SSR
and SSE in the case of R1 and R2 (SSR: 2845.59 (R1) vs 2995.55 (R2); SSE: 11.53 (R1) vs 32.27 (R2)). The former statistical metrics
contributed to the computation of F-value (as a ratio between MSR and MSE, Equation (5)).

Although both F- and p-values can be considered for taking the decision regarding to the rejection of the null hypothesis, within
this work the significance of the terms was assessed through the p-values. According to the ANOVA results presented in Tables 3 and
4, it can be concluded that while all terms within the regression were statistically significant (p < 0.05), the lack-of-fit was statisti-
cally insignificant in both cases (p > 0.05).

Table 2
Experimental runs of BBD DoE and experimental results for the photocatalytic degradation efficiency (The bold characters designate the highest conversion values).

Run no. T(C) t (h) c (M) X (%, R1) X (%, R2)
1 200 24 0.670 45.8 79.4
2 180 24 0.670 73.5 66.9
3 200 24 1.340 40.7 50.3
4 200 28 1.005 38.4 37.3
5 180 28 1.005 38.3 30.6
6 190 28 0.670 62.2 57.1
7 190 28 1.340 40.7 29.6
8 190 20 1.340 28.7 29.2
9 190 24 1.005 35 43.2
10 190 24 1.005 36.9 43.9
11 190 24 1.005 36.4 42.5
12 180 20 1.005 43 33
13 180 24 1.340 20.4 42.8
14 200 20 1.005 28.6 44.6
15 190 20 0.670 64 62.5
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Fig. 1. Comparison between experimentally determined and model-predicted conversion values: a. R1, b. R2.

Table 3
The ANOVA results for R1.

DF SS MS F-value P-value
Regression 8 2845.59 355.70 185.12 0.000
Linear
X, 1 86.25 56.25 44.89 0.001
X3 1 979.70 979.70 509.87 0.000
Square
X2 1 327.40 327.40 170.39 0.000
Xy? 1 21.02 21.02 10.94 0.016
X3? 1 401.42 401.42 208.91 0.000
2-Way Interaction
X1 X5 1 52.38 52.38 27.26 0.002
X1 X3 1 579.02 579.02 301.34 0.000
XoX3 1 48.63 48.63 25.31 0.002
Error 6 11.53 1.92 - -
Lack-of-fit 4 9.65 2.41 4.58 0.30
Pure error 2 1.87 0.94 - -
TOTAL 14 2857.12 -
R? = 99.60%, R?%,q; = 99.06%, R?eq = 96.61%.
Table 4
The ANOVA table for R2.
DF SS MS F-value P-value
Regression 6 2995.55 499.26 123.78 0.000
Linear
X, 1 61.82 61.82 15.33 0.004
X, 1 435.58 435.58 107.99 0.000
X3 1 797.36 979.36 197.69 0.000
Square
X2 1 65.70 65.70 16.29 0.004
Xy? 1 449.35 449.35 111.40 0.000
X32 1 569.41 569.41 141.17 0.000
Error 8 32.27 4.03 - -
Lack-of-fit 6 31.29 5.22 10.64 0.088
Pure error 2 0.98 0.49 - -
TOTAL 14 3027.82 - - -

R? = 98.93%, RZ%,q = 98.14%, R2yreq = 95.79%.

The remarkably good agreement between the experimental determined and model-predicted conversion values was proven also
by high values of determination coefficients (R?, R%,qj, R%eq), as presented in Tables 3 and 4

The results presented showed that all three selected synthesis parameters have a significant effect on the photocatalytic perfor-
mance of CaTiOs.
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Considering the second-order regression models developed in this work, optimization of the conversion was carried out via the Op-
timization Toolbox (optimtool) of Matlab 2015b. Both SQP (fmincon solver) and genetic algorithm were used for finding the maxi-
mum conversion and the corresponding synthesis conditions (T, t, C), within the predefined ranges of the decision variables (T:
180-200 °C, t: 20-28 h, C: 0.67-1.34 M). The model-based computed maximum conversion values were placed around 80% in both
cases (R1: 81.9%, R2: 79.5%). The optimal synthesis conditions were determined to be 180 °C, 20 h and 0.67 M for R1, and 200 °C,
23.67 h and 0.67 M for R2.

The new experiments using the synthesis conditions proposed by optimization showed at this points a conversion of 66% (R1) and
of 95.7% (R2). Considering the experimental and model-predicted maximum conversion values, their difference was attributed to the
limitations of the chosen experimental design (BBD) that involved a parsimonious number of experiments. The under- and overesti-
mated conversion values were assumed to occur due to the lack of experimental data at the extreme points (180 °C, 20 h, 0.67 M) and
in intermediate position (200 °C, 23.7 h, 0.67 M) used for model implementation (as can also be observed in Table 2). However, for
R2 (i.e., when CaCl, was applied as Ca?* source), the model-based investigations led to the identification of the optimized synthesis
conditions under which experimentally confirmed maximum photocatalytic efficiency was assessed.

Considering the results emerged from the experimental runs and from the optimization, the following important conclusions can
be drawn: (i) the use of CaCl, as the Ca2* source seems to be more efficient, (ii) the concentration value of NaOH for the maximum
conversion is situated at its lowest predefined level (0.67 M).

To assess the simultaneous effects of the synthesis parameters on the photocatalytic efficiency and analyze their pairwise interac-
tion consequences, 3D plots were generated by fixing one of the continuous independent variables at its central value (i.e.,
Tc = 190 °C, tc = 24 h, Cc = 1 M).
3.1.1.1. The simultaneous effect of T (X;) and t (X,). Analyzing the response surfaces shown in Fig. 2, we observed different patterns
according to the different Ca2* sources. First, applying both a high synthesis temperature (200 °C) and a long synthesis duration
(28 h) led to a relatively low photocatalytic efficiency (R1). In contrast, in the second case (R2), the highest applied synthesis temper-
ature (200 °C) and an intermediate synthesis duration (23-24 h) were favorable, as it was also validated during experimental testing.
To provide an explanation for this behavior, the thermodynamics of the sequence of chemical reactions should be analyzed. Accord-
ing to the literature, the role of calcium source (CaX,) is related to the formation of Ca(OH), in alkaline media
(Ca2* + 20H- = Ca(OH),) (Wang et al., 2007). It is known that the solubility of calcium salts is very similar in aqueous solutions
under the applied conditions. However, the anions of the calcium source (NO3~, Cl-) and the salts they form (NaNOs, NaCl) can have
a specific influence on both the properties of crystallization process (because of different ionic strengths) and on the photocatalytic
efficiency (Koutsoukos et al., 2007).
3.1.1.2. The simultaneous effect of T (X;) and C (X3). Fig. 3 depicted the response surface of an interesting relationship between the
synthesis temperature and the concentration of the shaping agent: higher NaOH concentrations led to a decrease in photocatalytic

Fig. 3. The simultaneous effect of temperature (X;, T) and concentration of shaping agent (X3, C) (a. R1, b. R2, t = 24 h fixed).
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efficiency. The highly alkaline medium had a significant contribution to the formation of Ca(OH), and TiO3"
(Ti(OH), +2HO™ = Tiog‘ +3H,0) (Wang et al., 2007). The essential role of NaOH in the formation of CaTiO3 seeds was proven by H.
Zhao and coworkers by carrying out a blank CaTiO5 synthesis (without NaOH) (Zhao et al., 2013a). Furthermore, it was found that
the formation of CaTiO3 can be accelerated using concentrated NaOH (Wang et al., 2007). Additionally, temperature plays a key role
in the formation of hydroxide-soluble Na,TiO3, because this transformation is endothermic (Prathan et al., 2020).

3.1.1.3. The simultaneous effect of t (X,) and C (X3). Analyzing the response surface graphs presented in Fig. 4, we found that the
contribution of synthesis duration seems to be almost insignificant in comparison to the concentration of NaOH. Moreover, the
detrimental effects of increasing NaOH concentration can be highlighted.

3.1.2. Artificial neural network models

Due to the relatively small data set (26 input-output pairs), the architecture of the trained network was structured as follows: one
input, one hidden and one output layer (Fig. 5). While the number of input and output neurons was fixed (i.e., four input neurons:
synthesis temperature — X;, synthesis duration — X,, concentration of shaping agent — X3, type of Ca2* source — X, 1 output neuron:
conversion — X), the number of hidden neurons, activation and training functions were selected by repeated experimentally con-
ducted training tests.

According to the parameters described above, the most efficient FB-ANN architecture was obtained when three hidden neurons,
the tangent sigmoid (tansig) transfer function, and the trainoss learning algorithm were used. In this case the determined correlation
coefficient for testing was 0.97 (R, and the mean relative error for testing was 8.80% (A€, mean, test)-

An optimization procedure was also performed by employing the most efficient FB-ANN that we designed. The maximum photo-
catalytic efficiency (76.2%) was predicted when the following synthesis conditions were applied: 180 °C (X;), 20 h (X5), 0.67 M (X3)
and Ca(NOs), (X,) as the Ca2+ source. The optimal synthesis conditions determined in this way overlap with the results from the opti-
mization step based on polynomial regression models. The limitation of the chosen experimental design (i.e., lack of experimental
data at the extreme points) was also highlighted in this case.

3.2. Correlations between the morphological, structural, textural, optical properties of the designed CaTiO3 samples and their photocatalytic
activity

The main aim of this work was to highlight the correlation between synthesis parameters and photocatalytic efficiency, and be-
tween morpho-structural, textural particularities and photocatalytic efficiency by using different modeling approaches. However, this
study also provides a brief overview on the cause—effect relationship between the synthesis conditions and morpho-structural particu-
larities of CaTiO;.

The type of Ca?* precursor can have a considerable impact on the morphological, structural, optical and photoelectrochemical
properties of the studied material (Wang, S. et al., 2018). To investigate the effect of the Ca2* precursor on morphological and struc-
tural properties, SEM micrographs of the samples synthesized according to the central point design (CE, 190 °C, 24 h, 1 M) were com-
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Fig. 4. The simultaneous effect of duration (X,, t) and concentration of shaping agent (X3, C) (a. R1, b. R2, T = 190 °C fixed).
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pared. Considering the SEM micrographs, two distinct types of morphology were observed: microrods and square-shaped particles
that were not well-defined. Their ratio and arrangement differed for each sample, as they are presented in Fig. 6 a, ¢ — CE1 (R1), Fig. 6
b, d — CE2 (R2). CE1 (Fig. 6 c) had a layered structure, which assured a more ordered aspect for this sample, in comparison to CE2
(Fig. 6 d). The proportion of particles with a not well-defined morphology (square-shaped) was significantly lower in CE1 than that in
CE2 (Fig. 6 a, b). Furthermore, while microrods were observed in CE2 (Fig. 6 b), this type of morphology could not be observed in
CE1l. To have an even more thorough understanding about the morpho-structural properties of the CaTiO5; samples synthesized using
different Ca2* sources (CE1, CE2), the crystallite sizes were determined based on the XRD patterns (Fig. 6 e, f) by using the Scherrer
equation (Equation (8)). Considering the most intense diffraction peaks within the XRD patterns, the crystallite sizes thus determined
were in the range of 20-32 nm in both cases. Although significant differences related to CE1 and CE2 were not expected in terms of
optical properties, the absorption spectra in the UV-vis range was considered as an essential part within the characterization of the
samples. As anticipated, the studied samples absorbed photons in the UV range, mainly between 250 and 350 nm (Fig. 6 g). The cen-
tral samples had approximately the same band gap energy values (CE1: 3.6 eV, CE2: 3.5 eV), which were determined based on the re-
flectance spectra using the Kubelka-Munk function (Equation (9)). These values are in good agreement with the values reported in the
scientific literature (Manjunath and G Thimmanna, 2016).

Synthesis temperature can have a considerable effect on the morphology (Dong et al., 2012) and surface features of perovskites
(Hernandez-Alonso et al., 2011). To investigate this aspect for our CaTiO3 samples (i.e., on their specific surface area, SSA), the SSAs
of certain pairs of samples (from R1) were compared. Results were presented in Table 5. In certain cases, considerably higher SSAs
were observed for samples synthesized at a higher crystallization temperature (200 °C; case no. 1, 4). However, in other cases, this
trend could not be observed (case no. 2, 3). This result was expected because of the interaction effects between the input variables.

The duration of hydrothermal treatment determines the degree of crystallinity (Ebnesajjad and Khaladkar, 2017). According to
the literature, enhanced charge transfer (from the center to the surface) and improved photocatalytic activity were observed for
highly crystalline samples (Cen et al., 2014). However, before analyzing the crystal phase composition for certain sample pairs (6&15,
7&8), their XRD patterns were evaluated (Fig. 6 e, f). All of reflections identified in the XRD pattern of the studied samples were as-
signed to the orthorhombic CaTiO3 phase (JCPDS No. 22-0153) (Han et al., 2017). Based on the qualitative analysis of XRD patterns,
no significant differences were identified between the samples.

Finally, it is possible to adjust the growth rates of selected crystallographic planes by changing the concentration of a suitable
shaping agent (Zhang et al., 2018). According to Table 2, the lowest predefined shaping agent concentration resulted in the desired
photocatalytic feature.

3.3. Kinetic modeling

To investigate the photodegradation of RhB, a set of kinetic parameters (pseudo-first order reaction rate constant — ks, reactant
adsorption rate constant — K45, absolute kinetic constant — kgeg,, desorption rate constant — kges, light intensity exponent — o) were de-
termined using the mathematical model implemented and validated by Palmisano and coworkers (Palmisano et al., 2015). Under-
standing the terms linked to the adsorption constant (K,q) has a pivotal role in obtaining an overview on the surface reaction kinetics.

The Langmuir-Hinshelwood approach assumes the balanced adsorption of the reactant molecules (Riiq) = Ryads)> Kads» described by
the ratio between k,4s and kqe), followed by the rate-controlling step (R(4s) — P). Recently, the assumption related to the expression
of K,gs (Kags/Kges) has been refuted in the case of most photocatalytic reactions due to the lack of adsorption—desorption equilibria es-
tablished during photocatalytic reactions (Emeline et al., 2000; Mills et al., 2015; Ollis, 2005, 2018). The pseudo-steady state assump-
tion (PSSA) can be considered as an improved alternative, which considers the dependence of adsorption constant (Kags, apparent = f(I),
Equation (12)) and Langmuir-Hinshelwood rate constant (kapp = f(I)) on the light intensity flux (Ollis, 2005, 2018). The validity of
PSSA in the case of RhB photodegradation with CaTiO3; perovskites is most likely given by the degradation mechanism (involving free
radicals (Deng et al., 2020; Passi and Pal, 2021)).

According to the form of the model (Equation (13)), it is obvious that the observed reaction rate constant, also called as the
pseudo-first order reaction rate constant, (k) is dependent not only of specific properties of the catalyst (e.g., absorption and scat-
tering coefficient and SSA), but also on the dimensions of the photoreactor (diameter), on the placement of the lamps (distance be-
tween them), and on the width of the reactor wall.

The first step within the kinetic modeling was related to the evaluation of kinetic data considering the Langmuir-Hinshelwood
mechanism (as depicted in Equations (10) and (11)). The pseudo-first order rate constants (k,,s) were determined as the slope of
In(C/Cy) = f(t) representation). Considering these determined k,,; values (presented in the Supplementary Material), it can be rea-
soned that the higher the conversion of the pollutant, the higher the apparent rate constant is.

The next step was related to the calibration-based optimization. The aim of the optimization problem was to minimize the square
difference between the theoretical calculated (via Equation (13)) and experimental data-based obtained pseudo-first order reaction
rate constant. The computation of ks assumed the calculation of a double integral, as depicted in Equation (13) considering as inte-
gration limits 6y = 0.358 rad and l;,,x (Equation (14)). The numerical integration was performed using 'integral2’ Matlab function.
The 'fmincon' Matlab function was used for the calibration-based optimization, considering the predefined upper and lower bounds of
the decision variables (kygs: 0-100 mh~?, Kgeg,: 0-0.1 mmolm-20-0-W-eh-1, k4e:0-500 mmol'm-2h-1, a: 0.5-1). The initial values
for the Kkinetic parameters were taken from the literature: k,qs = 19.6 mhl, kg = 92.2 mmolm2h-l,
Kgegr = 1.62:10~2 mmol'm~21-0-W-«h-1 o = 0.5. Considering the higher determination coefficients for the computation of Koy in
the case of R1 (Supplementary Material), the kinetic parameters (Kads, Kdegr» Kdes» @) Were determined for this case.

During the calibration-based optimization, the following assumptions have been considered.
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Table 5
Specific surface areas of certain pairs of samples from R1.
Case no. t(h) c) T =180°C T = 200 °C
SSA (m%g™1)
1 24 0.670 9.9 (E2) 18.9 (E1)
2 24 1.340 22.2 (E13) 10.2 (E3)
3 28 1.005 11.3 (E5) 10.1 (E4)
4 20 1.005 56.6 (E12) 111.5 (E14)

i) Perfect mixing.
ii) Constant temperature of the reaction mixture.
iii) Constant absorption coefficient for the cases of all samples (due to the similar shape and size of the catalysts (Bloh, 2021;
Cabrera et al., 1996))
iv) Langmuir-Hinshelwood mechanism, PSSA.
v) Monochromatic irradiation (A,,, = 365 nm).

First, the correlation between photocatalytic activity and SSA was investigated in the case of the studied samples and this is pre-
sented in Fig. 7. Enhanced photocatalytic activity and large SSA were linked in many scientific works, which was explained mainly by
the excessive number of active sites (Cheng et al., 2014; Tian et al., 2008). However, the validity of correlation would require very
similar crystallinity, facet distribution and defects (Bloh, 2021; Wilmer et al., 2003). As can be observed in Fig. 7, there was no corre-
lation between SSA and photocatalytic efficiency in the case of CaTiO; samples synthesized according to DoE (R1).

The Kk,qs, kges Values (determined from calibration-based optimization) were correlated with SSA. This is presented in Fig. 8. While
the k,q4s values were situated between 0.10 and 0.67 m-h~1, the k4. had the values varying in the range of 79-150 mmol'm-2h-1. Ac-
cording to Fig. 8, it can be observed that a higher SSA led to lower k,4; and higher k4. The reason for this correlation relies on the re-
lationship between SSA, surface tension and rate of adsorption/desorption processes. While low SSA is associated with high surface
tension (and implicitly high adsorption rate — high k,4), high SSA is linked to low surface tension (high desorption rate — high k)
(Ward and Tordai, 1946). Furthermore, the formation of intermediates during degradation (and adsorbed on the surface of the cata-
lyst) can influence on the rate of surface processes (adsorption-desorption).

Although the adsorption and desorption processes (expressed via k.4 and kyes) have considerable significance in photocatalytic
processes, the decisive parameter is Kgeg. Fig. 9 provides a clear overview on the correlation between X and ke, As expected, a
higher X resulted in a higher kqcg,. Furthermore, the fitted value of a was in the range situated between 0.54 and 0.55, which provided
a direct indication about the high intensity conditions (Mills and Le Hunte, 1997).

4. Conclusions

The present work highlighted that the appropriate selection of synthesis conditions could improve the photocatalytic activity of
the hydrothermally obtained CaTiOs. Second-order polynomial regression and artificial neural network models were applied to estab-
lish correlations between selected synthesis parameters (T, t, Cyaon, Ca2t precursor type) and photocatalytic activity of CaTiO5 for
rhodamine B degradation, which were further used for optimization. Thirty hydrothermal syntheses were performed according to the
Box-Behnken design, followed by the assessment of photocatalytic performance (20-80% conversion). Considering the most favor-
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Fig. 7. Correlation between conversion (X) and specific surface area (SSA) in the case of R1.
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Fig. 9. Correlation between conversion (X) and the computed absolute kinetic constant (Kgcg,) in the case of R1.

able synthesis conditions determined from optimization (200 °C, 23.7 h, 0.67 M, CaCl, precursor), the photocatalytic efficiency of the
subsequently synthesized and experimentally validated CaTiOj; catalyst was ~96%. To overview the morphological, structural, and
optical peculiarities, selected CaTiO; samples were analyzed by complementary methods (i.e., SEM: square-shaped particles, XRD: or-
thorhombic crystal phase, N, sorption — SSA: 10-120 m?g-1, DRS — AE,: 3.5-3.6 eV). Finally, specific kinetic parameters (i.e., adsorp-
tion — kygs 0.10-0.67 mh-1 and desorption — Kgo: 79-150 mmol'm-2h-1, absolute kinetic rate constant — Keegr:
0.001-0.010 mmol'm~2d- O-W-*h-1) were determined using a validated mathematical model from the literature considering the
Langmuir-Hinshelwood mechanism and the pseudo-steady state assumptions. The following conclusions were deduced based on the
kinetic modeling: (1) the higher the photocatalytic activity, the higher the absolute kinetic rate constant was; (2) with increasing spe-
cific surface area the rate of adsorption decreased and that of desorption increased.
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